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Ancestral structures of fish galectins (congerins)
were determined. The extant isoforms I and II of
congerin are the components of a fish biological
defense system and have rapidly differentiated
under natural selection pressure, by which congerin
I has experienced a protein-fold evolution. The dimer
structure of the ancestral congerin demonstrated
intermediate features of the extant isoforms. The
protein-fold evolution was not observed in the
ancestral structure, indicating it specifically occurred
in congerin I lineage. Details of hydrogen bonding
pattern at the dimer interface and the carbohy-
drate-binding site of the ancestor were different
from the current proteins. The differences implied
these proteins were under selection pressure for
stabilizing dimer structure and differentiation in
carbohydrate specificity. The ancestor had rather
low cytotoxic activity than offspring, indicating
selection was made to enhance this activity of con-
gerins. Combinedwith functional analyses, the struc-
ture revealed atomic details of the differentiation
process of the proteins.
INTRODUCTION
Elucidation of the ancient forms of organisms is a major purpose
of biology. Although reconstructing a living organism from fossils
is beyondcurrent technology, that of ancestor genesandproteins
is feasible, if one knows its nucleotide/amino acid sequence to be
synthesized, owing to the recent developments in molecular
biology, protein engineering, and bioinformatics. Reconstructed
ancestral proteins can be experimentally tested in a laboratory
by using the biochemical or biophysical techniques.
The resurrection of ancestral protein has been examined for
several enzymes, elongation factor, photoreactive proteins,
nuclear receptor, and lectin (Benner et al., 2002; Chandrase-
kharan et al., 1996; Chang et al., 2002; Dean and Thornton,
2007; Gaucher et al., 2003; Iwabata et al., 2005; Jermann
et al., 1995; Konno et al., 2007; Malcolm et al., 1990; Thomson
et al., 2005; Thornton, 2001, 2004; Ugalde et al., 2004;WatanabeStructure 19,et al., 2006). The ancestral proteins demonstrated high thermo-
stability of ancient proteins in elongation factors and dehydroge-
nases (Gaucher et al., 2003; Iwabata et al., 2005; Watanabe
et al., 2006). Evolutionary adaptation of ligand/substrate speci-
ficities was detected in nuclear receptor, alcohol dehydroge-
nase, serine protease, ribonuclease, and lectin (Benner et al.,
2002; Chandrasekharan et al., 1996; Gaucher et al., 2003;
Jermann et al., 1995; Konno et al., 2007; Thomson et al., 2005;
Thornton, 2001). For ancestral rhodopsin and green fluorescent
protein (GFP)-like protein, adaptive shifts of optimal absorption
and emission spectra of light, respectively, was observed
(Chang et al., 2002; Ugalde et al., 2004). However, application
of this technique for the study of protein three-dimensional struc-
ture evolution is still insufficient. The ancestral structure of only
one protein domain has been determined so far (Bridgham
et al., 2009; Ortlund et al., 2007), and determination of
a full-length ancestral protein is unprecedented.
Galectins are a family of metazoan carbohydrate-binding
proteins involved in a wide variety of biological activities (Perillo
et al., 1998). The conger eel (Conger myriaster) contains two
prototype galectins, congerins I (ConI) and II (ConII). They are
components of the biological defense system: these proteins
coagulate bacteria and have opsonic and cytotoxic activities
against cells (Nakamura et al., 2006; Ogawa et al., 2002, 2003).
Each subunit of ConI and ConII has one carbohydrate-binding
site, and they form a homodimer to exhibit divalent crosslinking
activity. Since a gene duplication event, these genes have been
evolving at a high dN/dS (nonsynonymous/synonymous substi-
tution) rate under selection pressure. Structural and biochemical
analyses of the proteins have revealed significant differentiation
of their molecular properties. The structure of ConI demon-
strated a protein-fold evolution by swapping b strands between
subunits, which altered the b sheet topology at the dimer inter-
face from entirely antiparallel to partially parallel to entangle
two subunits (Shirai et al., 1999, 2002). Differences in the thermo-
stability and carbohydrate specificities between ConI and ConII
were also observed (Ogawa et al., 2002). It was suggested that
congerins have been evolving to accomplish higher stability in
their dimer structure, which is required for essential divalent
crosslinking activities, and also to obtain different specificity
toward carbohydrates, which is required to recognize the alien
carbohydrates of parasites (Konno et al., 2007, 2010; Shirai
et al., 1999, 2002).
Knowing the structure of ancestral congerin is necessary to
understand the evolutionary process of the functional and711–721, May 11, 2011 ª2011 Elsevier Ltd All rights reserved 711
Figure 1. Amino Acid Sequence and Structure of Ancestral Congerins
(A) Phylogeny of extant and ancestral congerins. This tree is based on the amino acid sequences of extant galectins and ancestral congerins (sequences and
accession codes are shown in the legend of Figure S1). The numbers associated with the branches are the percent reproductions of branches in 1000 bootstrap
reconstructions. This tree is rooted by using the fungus sequence of Coprinopsis cinerea galectin-1 (AF130360.1) as the outgroup. The proteins indicated with
asterisk were used for the inference of the previous ancestor (Con-anc).
(B) Amino acid sequences of ancestral congerins, ConI, and ConII. Amino acids identical to that of the corresponding last ancestor are represented by a dot. The
sequences of the other galectins are shown in Figure S1B. See also Table S1.
Structure
Congerin Ancestral Structurestructural differentiations of this protein family. In this study, the
sequence of ancestral congerin gene was inferred, and the
crystal structures of full-length ancestral proteins, including
two alternatively suggested ancestors, were determined. The
dimer structure of the ancestral congerin revealed intermediate
features of the extant isoforms without the protein-fold evolution
of ConI. The ancestor had rather low cytotoxic activity, structure
stability, and different carbohydrate specificity compared to the
offspring, indicating the selection was made to enhance the bio-
logical defense activity of congerins.
RESULTS
Reconstruction of Ancestral Congerins
The sequence of ancestral congerin (Con-anc’, the last common
ancestor of ConI and ConII) was inferred from the phylogeny of
extant galectins by using the maximum likelihood method based
on the DNA sequences (Figure 1; see Figure S1 available online)
by using the PAML application (Yang, 2007). The values of the
posterior probability and amino acid identity of the newly identi-
fied ancestor are presented in Table S1. The average of the site
posterior probability in the sequence of Con-anc’ was 0.81 (Fig-
ure 2A). Seventy-two of 135 sites (53%) had more than 0.9712 Structure 19, 711–721, May 11, 2011 ª2011 Elsevier Ltd All rightposterior probability. On the other hand, 11 sites were found to
have less than 0.5 posterior probability.
Unexpectedly, the ancestral sequence showed discrepancy at
a total of 35 sites (27% difference in identity) to the previously
inferred sequence (Con-anc) by using the maximum parsimony
method (Konno et al., 2007; Shirai et al., 2002). Two major
causes were suspected to be responsible for the discrepancy.
First one was the underestimation of the ConI evolutionary
rate. The revised ancestral congerin, Con-anc’, was attached
to the nodes of extant proteins with zero distance in the current
phylogeny constructed from amino acid sequences (Figure 1A).
The anchor points of ancestral proteins are indicated by filled
circles. On the other hand, the previously inferred Con-anc is
attached midway on the ConI branch. The position of Con-anc
in the phylogeny indicates that the length of this branch was
underestimated by the maximum parsimony method, which
are frequently observed for long branches by using this method
(Tateno et al., 1994). Accordingly, when an ancestral sequence
was inferred with the maximum likelihood method based on
the previous set of genes for Con-anc under the condition
that the dN/dS rate of the ConI branch could be deviated from
others, the reconstructed sequence became closer, 82% iden-
tical, to that of Con-anc’ (Figure S1B).s reserved
Figure 2. Distribution of Posterior Probability and Reproduction
Rate of Ancestral Congerin Sequence
(A) The distribution of posterior probabilities of the residue sites in Con-anc’ is
shown by open bars. The horizontal axis is the posterior probability range, and
the vertical axis is the fractional frequency of residues found within the range.
Closed bars show the reproduction rate of the Con-anc’ residues in leave-one-
out reconstruction of ancestral sequence. The horizontal axis is the repro-
duction rate range, and the vertical axis is the fractional frequency of residues.
Asn28 was reproduced with a distinguishably low rate of 0.286 (indicated by
arrowhead).
(B) The percent difference in amino acid sequence identity between the
ancestral sequence, for which n (number of excluded genes) extant genes
were excluded from original phylogeny, and the sequence for which n-1 extant
geneswere excluded. The error bar is the standard deviation over independent
reconstructions, which is shown for upper side only.
(C) The percent difference in amino acid sequence identity between the
ancestral sequence, for which n (number of excluded genes) extant genes
were excluded from original phylogeny, and Con-anc’.
(D) The amino acid sequences of Con-anc (labeled MP-8; obtained with
maximum parsimony method from 8 extant genes), Con-anc’ (ML-16;
maximum likelihood method, 16 genes), Con-anc’-N28K (ML-16; maximum
likelihood method, 16 genes), Con-anc* (ML-8; maximum likelihood method, 8
genes), and Con-anc** (Bayes-16; Bayesian method, 16 genes) were used for
bootstrap phylogeny constructions. The vertical axis indicates the number of
trees, in which each ancestral protein is connected to the ConI-ConII ancestral
node with zero evolutionary distance, in 100 constructions. The horizontal axis
shows the averages and the standard deviations (error bars) of distance to the
ancestral node in 100 constructions. The crosses show the distance without
sequence sampling.
See also Table S1.
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Structure 19,Another cause was thought to be the number of extant genes
available for reconstruction; 8 for Con-anc, and 16 for Con-anc’
(Figure 1A). In order to examine robustness of the ancestral
sequence, the ancestral sequence reconstruction was iterated
by progressively omitting the extant genes from the phylogeny.
The galectin genes were randomly excluded one by one from
the original phylogeny, and the ConI-ConII node sequence was
inferred to verify that each amino acid/codon was reproducible.
As the result, a total of 250 reconstructions showed that the
difference in ancestral sequence identity was constantly
reduced as the genes were included, and the expected differ-
ence was 1.4% (SD 3.2%) in the current phylogeny (Figure 2B).
Also, reconstructed sequence had constantly converged into
that of Con-anc’ (Figure 2C). Although the Con-anc’ sequence
is not totally converged, which theoretically requires whole
gene sequences ever existed, a large discrepancy as observed
between Con-anc and Con-anc’ would not be expected further.
An ancestral sequencewas also inferredwith theMarkov chain
Monte Carlo (MCMC) Bayesian method by using the MrBayes
application (Huelsenbeck and Ronquist, 2001). The inferred
sequence was 94% (127 sites) identical to that of Con-anc’ (Fig-
ure S1B). In the remaining sites, the residues of Con-anc’ were
ranked as the second (six sites) or the third (three sites) probable
amino acids (Table S1). The difference might be due to the fact
that PAML explicitly adapted a variation of dN/dS rate across
branches, which would be appropriate to infer the ancestral con-
gerin referring to the accelerated ConI and ConII branches.
Since the different models and methods produced 6% differ-
ence in ancestral sequences, an additional validation was
executed by constructing phylogenetic trees based on the
amino acid sequences. When the amino acid sequence of
each suggested ancestor was included in phylogentic tree,
Con-anc’ only was stably connected to the ancestral node of
ConI and ConII with zero evolutionary distance (Figure 2D).
Therefore, Con-anc’ was thought to be the most appropriate
ancestral sequence.
Finally, the reproduction rate of each Con-anc’ amino acid
residue was examined from the reconstructed sequences, for
which each one extant gene was excluded, in order to identify
highly unstable sites depending on a choice of the extant genes.
The result showed that the average reproduction rate over the
sequence was 0.98. The rate was more than 0.9 for 93.3% of
the residues. Only one residue, Asn28 of Con-anc’, was repro-
duced with a distinguishably low rate of 0.286, and the
suggested alternative amino acid was Lys (Figure 2A;
Table S1). The single mutant Con-anc’-N28K, in which the suspi-
cious site was replaced with the alternatively suggested amino
acid, was also connected to the ancestral node with zero
distance (Figure 2D). Therefore, Con-anc’-N28K was also recon-
structed, along with Con-anc and Con-anc’.
Overall Structures of Ancestral Congerin
Determination of the crystal structures of Con-anc’ (revised
sequence), Con-anc’-N28K (alternative sequence), and Con-anc
(previous sequence) at 1.5, 1.6, and 2.0 A˚ resolutions, respec-
tively (Table 1), clearly demonstrated that Con-anc’ or
Con-anc’-N28Kwas the appropriate ancestor (Figures 3AandB).
The notable differencebetween the structuresofConI andConII
is the swapping of S1 strands at the dimer interface, which was711–721, May 11, 2011 ª2011 Elsevier Ltd All rights reserved 713
Table 1. Data Collection and Refinement Statistics
Protein (PDB code) Con-anc’ (3ajz) Con-anc’-N28K (3ak0) Con-anc (3ajy)
Crystallization condition 2.1 M DL-malic acid,
1 mM lactose, pH 7.0
2.1 M DL-malic acid,
1 mM lactose, pH 7.0
1M MMT, 25%(w/v)
PEG1500, 1 mM lactose, pH 6.51
Space group I222 P21212 P212121
Cell constants (A˚) 53.9, 77.5, 88.4 55.4, 59.5, 81.8 41.8, 53.9, 133.0
Wave length (A˚)a 1.0000 1.0000 1.0000
Resolution range– data collection (A˚) 50.00–1.50 (1.55–1.50) 50.00–1.60 (1.66–1.60) 50.00–2.00 (2.07–2.00)
Rsym 0.047 (0.399) 0.076 (0.409) 0.055 (0.211)
Completeness (%) 99.0 (92.8) 99.8 (100.0) 98.2 (89.0)
<I/sI > 42.2(2.8) 34.0(6.7) 42.8(6.7)
Resolution range–refinement (A˚) 30.00–1.50 (1.53–1.50) 30.00–1.60 (1.64–1.60) 30.00–2.00 (2.07–2.00)
No. of refractions 28,098 (1362) 34,679 (2403) 19,065 (1136)
Rcryst 0.204 (0.253) 0.180(0.182) 0.206 (0.263)
Rfree 0.217 (0.251) 0.212 (0. 218) 0.247 (0.353)
Rmsd length (A˚) 0.013 0.013 0.011
Rmsd angle (o) 1.52 1.52 1.44
The values in parentheses are for the highest resolution bin.
a The synchrotron light source was BL38B1 at SPring-8.
Structure
Congerin Ancestral Structureunique to ConI among the galectins with known structure (Shirai
et al., 1999). Because the interface area and number of hydrogen
bonds between the two subunits were almost doubled, and
because the alteration in the b sheet conformation established
the entangled dimer interface, this change should contribute to
the higher stability of ConI (Ogawa et al., 2002). Accordingly, the
dimer interface of Con-anc’ and Con-anc’-N28K resembled that
of the ConII lacking the strand-swap. Conversely, Con-anc
showed a strand-swapped structure, indicating it was rather
closer to an intermediate from the ancestor to ConI (Figure 3C).
Interactions at Dimer Interface
and Carbohydrate-Binging Site
The details of the interactions were different among the proteins.
Con-anc’ hadeightH-bondsbetweensubunits.Only four of them,
which were between N-terminal strands (Glu3 N–Lys5 O, Glu3
O–Lys5 N, Lys5 N–Glu3 O, and Lys5 O–Glu3 N), were retained
in ConII, while those between C-terminal strands (T127 O–L131Figure 3. Structures of Ancestral Congerin
Structures of (A) Con-anc’, (B) Con-anc’-N28K, and (C) Con-anc are shown. The
strands) are shown by arrows beneath each model. The residues different from
structures of Con-anc’ and Con-anc’-N28K were similar. Note that the strand-sw
not the last common ancestor of ConI and ConII.
714 Structure 19, 711–721, May 11, 2011 ª2011 Elsevier Ltd All rightN, V129 N–V129 O, V129 O–V129 N, and L131 N–T127 O) were
conserved only in ConI (Figure 4; Table S2). Thus, although the
subunit interfaces of Con-anc’ resembled those of ConII, they ex-
hibited considerable modifications in both offspring.
The carbohydrate interactions were essentially conserved
among the proteins; His44, Arg48, Asn61, and Glu70 formed
conservative hydrogen bonds with lactose (Galb1-4Glc) through
H42 N32–Gal O4, R46 Nh1–Glc O3, R46 Nh2–Glc O3, N59
Nd2–Gal O6, Glu69 O31–Glc O3, Glu69 O32–Gal O6, and
Glu69 O32–Glc O3 bonds, and Trp67 made stacking interaction
with the B-face of the Gal residue (Shirai et al., 1999). The
differences in carbohydrate interactions between Con-anc’
and the extant congerins were observed mainly at the A-face
of galactose (Figure 4). ConI, but not ConII, inherited an R27
Nh2–Gal O3 bond from Con-anc’. It also gained an additional
R27 Nh1–Gal O4 bond. On the other hand, ConII shared Y51
Oh–Glc O4, and –Gal O2 bonds, which were lost in ConI, with
the ancestor (Figure 4; Table S3).topologies of stands at the subunit interface (labeled for S1-S2 and S1’-S20
Con-anc’ are colored blue, and shown in ball and stick models. The overall
ap has taken place in the Con-anc structure, and it indicates that this protein is
s reserved
Figure 4. Structures of ConI, ConII, and
Con-anc’
Con-anc’, ConII, and ConI dimers are shown from
top to bottom along their molecular phylogeny.
The numbers on each branch are the numbers of
substitutions. The b strands relevant to the strand-
swap at the dimer interface are labeled for S1-S2,
and S10-S20. Each protein is associated with
a close-up of its dimer interface (middle; topolo-
gies of the stands are shown beneath eachmodel),
and carbohydrate-binding site structures (right).
The hydrogen bonds conserved in ConI and ConII
from Con-anc’ are shown in red and blue,
respectively.
Structure
Congerin Ancestral StructureStructure and Functional Evolution of Congerins
The protein structures were further analyzed in order to elucidate
the differentiation process of congerins. Fourteen structural or
functional parameters of the ancestral and extant congerins
were compared as a function of the evolutionary distances
from Con-anc’ or ConI (Table 2). The cytotoxic activity (Figures
5A and 6A), thermostability of hemagglutination activity (Figures
5B and 6A), urea denaturation of the structures (Figures 5C and
6A), and association constant of 34 kinds of carbohydrates
(Ka carbohydrates in Figure 5D; Table S4) of the proteins were
determined experimentally.Table 2. Molecular Properties of Extant and Ancestral Congerins
ConII Con-anc’ Con-anc’
Distance from Con-anc’ 0.221 0.000 0.007
Distance from ConI 0.739 0.518 0.511
Rmsd of monomer (A˚) 1.192 0.000 0.915
Rmsd of dimer (A˚) 4.334 0.000 1.277
H-bond conservation 0.634 1.000 0.832
Dimer interface area (A˚ 2) 775.2 548.1 585.7
Lactose interface area (A˚ 2) 377.6 228.6 223.6
Stability of dimer (A˚) 1.484 1.273 1.390
Stability of monomer (A˚) 1.124 0.998 1.333
No. dimer interface H-bonds 12 8 8
No. lactose H-bonds 12 13 14
Thermostability of hemagglutination activity
(C)
44 56 40
Urea denaturation (% decrease in
fluorescence spectra at 360 nm par 1 M
urea)
 17.1  5.7  9.5
Cytotoxic activity (M) 0.30 13.0 7.5
See also Figure S2 and Tables S2–S4.
Structure 19, 711–721, May 11, 2011The structural deviations from Con-
anc’ were evaluated as rmsd values of
superposed Ca atoms (rmsd of mono-
mer/dimer in Figure 6A and Table 2).
The conservation of hydrogen bonds
with Con-anc’ was examined as another
measure for structural similarity, which
reflected the conservation of the
secondary structures and the residuecontacts in the molecules (H-bond conservation in Figure 6A
and Table 2). The intersubunit interactions and protein-carbohy-
drate interactions are represented by the dimer/lactose interface
area and number of dimer interfaces/lactose H-bonds. From
simulations of molecular dynamics, the structure stability was
evaluated by atom fluctuations (stability of monomer/dimer in
Figure 6A and Table 2). The Spearman correlations (nonpara-
metric rank correlation) among these molecular properties
were examined, and the properties clustered into two groups,
one that was coherent with the evolutionary distance from
Con-anc’ and one with that from ConI (Figure 6A).-N28K Con-anc ConI
0.299 0.518
0.219 0.000
2.046 2.188
3.730 6.036
0.641 0.556
1250.8 1318.3
213.9 229.1
1.322 1.083
1.196 0.827
20 22
9 12
46 52
 7.9  3.3
1.2 0.098
ª2011 Elsevier Ltd All rights reserved 715
Figure 5. Correlation of Molecular Proper-
ties of Congerins with Evolutionary
Distance
(A) Cytotoxic activity (log-scaled LD50 concen-
tration) of congerins is shown as a function of
evolutionary distance from Con-anc’.
(B) Thermostabilty of hemagglutination activity of
congerins is shown as a function of evolutionary
distance from ConI.
(C) Urea denaturation of congerin structures is
shown as the percent decrease of fluorescence
intensity at 360 nm against the evolutionary
distance from ConI.
(D) Clustering of carbohydrates based on the
association constant Ka for congerins along with
the evolutionary distance from ConI or Con-anc’.
The values are the Spearman correlation coeffi-
cients. The six carbohydrates (listed in Table S5)
that showed high correlation with the distance
from ConI are enclosed with the solid line.
See also Figure S2 and Table S4.
Structure
Congerin Ancestral StructureDifferentiating Properties between ConI and ConII
Lineage
Theproperties correlatedwith theevolutionarydistance fromConI
are thought to be specifically enhanced in either the ConI or ConII
lineage, and therefore should be relevant to differentiation.
The structure stability appeared to be enhanced in the ConI
lineage. The atom fluctuations of both monomer and dimer
during molecular dynamics simulation were smaller for ConI,
which might be due to the unique strand-swapped fold of thisFigure 6. Differentiation of ConI and ConII
(A) Clustering of molecular properties of congerins. The values are the Spearman
(either directly or indirectly) to the evolutionary distance from ConI, while those
Clustering was executed for the absolute values of correlation coefficient. The a
shown with dotted line.
(B) Differentiation of ConI and ConII as inferred from analyses of the ancestral pr
See also Tables S2 and S3.
716 Structure 19, 711–721, May 11, 2011 ª2011 Elsevier Ltd All rightprotein among the galectins with known structure that entangled
two subunits at the interface (Table 2). The thermostabilty of
hemagglutination activity was correlated with the structure
stability, except for a high thermostabilty of 56C for Con-anc’
(Figure 5B). Urea denaturation of the structures also showed
high correlation with the evolutionary distance from ConI (Fig-
ure 5C). The relative decrease in fluorescence intensity at
360 nm by adding urea to the solution was smallest for ConI,
and largest for ConII.correlation coefficients, and the properties above the solid line are correlated
below the line are correlated with the evolutionary distance from Con-anc’.
ssignment for Ka carbohydrates is ambiguous, and an alternative partition is
otein structure is shown on the molecular phylogeny.
s reserved
Structure
Congerin Ancestral StructureProperties Commonly Changing in ConI and ConII
Lineage
On the other hand, the properties clustered with evolutionary
distance from Con-anc’ are thought to be enhanced in both of
the linage, or those merely continuously changing as time. As
expected, structure deviations (rmsd of monomer/dimer) and
H-bond conservation were found in this category, indicating
the structures that have been continuously deviating from the
ancestor (Figure 6A). Unexpectedly, the dimer interface was
increased in both lineages as the number of interface H-bonds
and dimer interface area increased in ConI and ConII, because
the dimer structure was required for these proteins to evoke
divalent crosslinking activity.
The cytotoxic activity was enhanced in both offspring in spite
of the differentiated carbohydrate specificity (Figures 5A and 6A).
The LD50 concentrations of ConI and ConII for cytotoxic activity
were 10100 fold smaller than the values of the ancestral
Con-anc’ or Con-anc’- N28K, which were around 10 mM.
Carbohydrate Specificity
The coagulation, opsonic, and cytotoxic activities of congerins
are mediated by the divalent crosslinking of carbohydrates
(Nakamura et al., 2006; Ogawa et al., 2002, 2003). The carbohy-
drate-binding activities of congerins were analyzed by the frontal
affinity chromatography (FAC) against 34 kinds of PA-carbohy-
drates, and correlations between evolutionary distances were
evaluated (Figure 5D; Table S4).
As a result, six of the examined carbohydrates showed high
correlation with the evolutionary distance from ConI, indicating
a deviation of specificity between two lineages. The carbohy-
drates, namely, NA2 (1-6Fuc), NA2 (monosialo), lacto-N-neote-
traose, GA1, and GM1 showed specificity to ConI, and
conversely GD1a was specific to ConII (Figure 5D; Table S5).
Nonetheless, high correlation was not observed for a majority
of the carbohydrates (Table S5).
The averages of the absolute correlation coefficients over 34
kinds of carbohydrates were compared with other molecular
properties (Ka carbohydrates in Figure 6A). The assignment of
averaged Ka carbohydrates was ambivalent between the two
groups of properties.
DISCUSSION
The accuracy of sequence is most critical in the ancestral protein
reconstruction studies. In the case of congerins, the ancestral
sequence showed 27%discrepancy from the previously inferred
sequence (Con-anc) for which two major causes, namely, differ-
ence in the computational methods and the number of extant
sequences, were suspected to be responsible. Several recon-
struction tests demonstrated that the ancestral sequence had
constantly converged into that of Con-anc’, and the expected
shift by adding a newly found extent sequence was reduced to
1.4% (SD 3.2%) (Figure 2B).
The revised ancestral congerins, Con-anc’ or Con-anc’-N28K,
were attached to the nodes of extant proteins with zero distance
in the phylogeny constructed from amino acid sequences,
indicating its sequence was appropriate for the ancestor (Fig-
ure 1A). On the other hand, the previously inferred Con-anc
was attached midway on the ConI branch. Therefore, Con-anc’Structure 19,or Con-anc’-N28Kwould be rather close to the true last common
ancestor of ConI and ConII, and Con-anc should be declined.
The structures and the molecular properties of the congerins,
as discussed below, also supported this conclusion.
The notable difference between the structures of ConI and
ConII was the swapping of S1 strands at the dimer interface,
whichwas unique to ConI among the galectins with known struc-
ture, and should contribute to the higher stability of ConI (Ogawa
et al., 2002). The dimer interface of ancestral Con-anc’ and Con-
anc’-N28K resembled that of the ConII lacking the strand-swap.
This protein-fold is the prototype for dimeric galectins, and the
congerin ancestor is expected to have ConII-like conformation.
The crystal structures of Con-anc’ and Con-anc’-N28K are
consistent with this expectation. Conversely, Con-anc showed
a strand-swapped structure, indicating it was rather closer to
an intermediate from the ancestor to ConI (Figure 3C), which
was coherent with the result of phylogeny construction
(Figure 1A). Thus, the crystal structure analyses also negated
a position of Con-anc as the last common ancestor of congerins.
The differences in carbohydrate interactions betweenCon-anc’
and the extant congerins were observed mainly at the A-face of
galactose (Figure 4; Table S3). Thesemodificationsmight be rele-
vant to theobserveddifferentiationof carbohydrate specificities in
ConI and ConII. ConI preferred a1,4-fucosylated N-acetyl
glucosamine, while ConII was adapted to a2,3-sialyl galactose-
containingcarbohydrates (Konnoetal., 2007,2010).Mostof these
carbohydrates have additional moieties to lactose at Gal-O3.
These structural features of Con-anc’ at the dimer interface
and the carbohydrate-binging site were consistent with the alter-
native ancestor Con-anc’-N28K, but not with Con-anc. Con-anc’
and Con-anc’-N28K revealed a structure intermediary between
ConI and ConII, as expected for an ancestor.
Correlation between the structures and the molecular proper-
ties were extensively examined among the congerins (Figure 6A).
The properties correlated with the evolutionary distance from
ConI are thought to be specifically enhanced in either the ConI
or ConII lineage, and therefore should be relevant to differentia-
tion. Among the molecular properties, the structure stability
appears to be enhanced in the ConI lineage, which is consistent
with the previous conclusion (Shirai et al., 2002). The atom fluc-
tuations of both monomer and dimer during molecular dynamics
simulation are smaller for ConI, whichmight be due to the strand-
swapped fold of this protein that entangles two subunits at the
interface (Table 2). ConI, which looses half of hemagglutination
activity at 53C, shows higher thermostability as compared to
ConII, which looses half of activity at 40C (Figure 5B) (Ogawa
et al., 2002). The thermostabilty is correlated with the structure
stability, except for a high thermostabilty of 56C for Con-anc’.
The urea denaturation experiment also supported the structure
stabilization in ConI lineage (Figure 5C). The higher stability of
ConI should contribute to maintain activity in the major distribu-
tion of this protein (skin mucus) that is in direct contact with
environments.
Some of the molecular properties were found to be enhanced
in both lineages of congerin, which was detected as a correlation
with the evolutionary distance from Con-anc’ (Figure 6A). Unex-
pectedly, the dimer interface was increased in both lineages as
the number of interface H-bonds and dimer interface area
increased in ConI and ConII. Because each subunit has only711–721, May 11, 2011 ª2011 Elsevier Ltd All rights reserved 717
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for these proteins to evoke divalent crosslinking activity. The
enhancement of dimer was previously assumed to be a unique
feature in ConI linage, because only this protein experienced
the protein-fold evolution. However, the ancestral structure
demonstrates that selection for enhanced dimer interface
has been operating on both genes, which indicates the
divalent crosslinking activity is crucial for the function of these
proteins.
The cytotoxic activity, which should be most relevant to
natural selection, was enhanced in both offspring in spite of
the differentiated carbohydrate specificity (Figures 5A and 6A).
The LD50 concentrations of ConI and ConII for cytotoxic activity
were 10100 fold smaller than that of the ancestral Con-anc’ or
Con-anc’- N28K, which were around 10 mM. The observed
enhancement in cytotoxic activity in both lineages would
support the biological function of congerins in defense system.
The carbohydrate specificity was tested against 34 kinds of PA
carbohydrates (Figure 5D). Since a high correlation to the evolu-
tionary distance was not observed for a majority of the carbohy-
drates, it was suggested that natural selection pressure has
been operating to differentiate carbohydrate specificity between
ConI and ConII toward particular types of carbohydrate. The
target carbohydrate might not be single, since the six carbohy-
drates shared no consensus structure except for Galb1-4Glc
(or GlcNAc), which is the core ligand moiety for galectins
(Table S5). The additional moieties, such as Galb1-3GalNAcb1-
4 linkage to Gal or b1-2Man linkage to Glc, which are shared
between at least two of the carbohydrates, would represent
the targeted structures for the adaptation to the carbohydrates.
The averages of the absolute correlation coefficients over the
carbohydrates were compared with other molecular properties
(Ka carbohydrates in Figure 6A). The assignment of Ka carbohy-
drates was ambivalent between the two groups of properties,
implying the carbohydrate interaction appeared to be rather
complicated property in the evolution.
The lactose interface area increased, but the number of
lactose H-bonds contrary decreased slightly during evolution
(Table 2). However, these two properties showed a low correla-
tion with Ka carbohydrates. The molecular properties relevant to
carbohydrate interaction, namely, Ka carbohydrate, lactose
interface area, and No. lactose H-bonds, show lower correlation
with other properties, implying that simply enhancing carbohy-
drate interaction was not likely a major selection pressure, and
obtaining specificity was rather significant for the function of
congeins (Figure 6A).
Taken together, the first full-length ancestral structures of con-
gerin revealed that the duplicated genes have been differenti-
ating under natural selection pressures for strengthening the
dimer structure and enhancement of the cytotoxic activity
(Figure 6B). However, the two genes did not react equally to
selection pressure, and ConI reacted through the protein-fold
evolution to enhance its stability. The modification of dimer inter-
face in ConII lineage was rather moderate as compared with that
of ConII. The carbohydrate specificities seemed to be differenti-
ating between two genes, by mainly modifying the interactions
with Gal residue of the carbohydrates. However, the behavior
of the molecular properties concerning carbohydrate interac-
tions is rather complicated compared with other properties.718 Structure 19, 711–721, May 11, 2011 ª2011 Elsevier Ltd All rightEXPERIMENTAL PROCEDURES
Ancestral Gene Sequence Calculation
The nucleotide sequenceswere retrieved from the DDBJ database (Kaminuma
et al., 2010). The name, origin, and accession code are shown in the legend to
Figure S1. The sequence of the ancestral congerin gene was inferred using the
PAML application (Yang, 2007). The gene sequences of vertebrate galectins
were aligned as follows. The alignment of amino acid sequences of the extant
galectins was first prepared by using the XCED program (Katoh et al., 2002),
and then alignment of the nucleotide sequence was made in accordance
with the amino acid sequence alignment. The tree topology was based on
the amino acid sequences of the extant proteins with the NJ method. PAML
was applied to the phylogeny and alignment to infer the ancestral sequences.
An F1X4 matrix was used for the codon substitution model with the universal
codon table. The free dN/dS ratio with M8 (beta & omega) model was adapted
(Yang et al., 2000).
The ancestral gene sequence was also evaluated with the MCMC
Bayesian method by using the MrBayes application (Huelsenbeck and Ron-
quist, 2001). The universal codon table, the GTR model with gamma-distrib-
uted rate variation across sites and proportion of invariable sites, and M3
model for omega variation were employed for the simulation. The ancestral
sequence was fixed by averaging over the posterior probabilities of amino
acids in the sequences of top 10% likelihood values during a total of 5000
generations.
The last common ancestral sequence of ConI and ConII was verified by
two methods. First, the amino acid sequences translated from the nucleotide
sequences were used to reconstruct molecular phylogenies to determine if
an ancestor was connected to the node of ConI and ConII with zero distance.
Second, the robustness of the ancestral sequence was tested by re-
constructions with a reduced number of genes. The galectin genes, except
for that of ConI and ConII, were excluded one by one from the original
phylogeny, and the ConI-ConII node ancestor sequence was inferred with
the same parameters to verify that each amino acid/codon was reproducible.
The order of gene exclusion was randomly determined for each reconstruc-
tion. A total of 250 reconstructions were executed, and the differences
between reconstructed sequences (Figure 2B), and between reconstructed
sequence and Con-anc’ (Figure 2C) were plotted against the number of
omitted genes. In order to identify fragile amino acid residues in Con-anc’,
the reproduction rate of the Con-anc’ residues among fourteen sequences,
for which one of the extant genes was excluded, was defined as
(number of times the same amino acid of Con-anc’ was obtained)/14
(Figure 2A).
The galectin genes and predicted sequences of ancestors are aligned in Fig-
ure 1B and Table S1. The distribution of posterior probabilities of the sites in
the ancestral gene is shown in Table S1.
Ancestral Protein Production
The Con-anc gene was constructed by a method previously reported (Konno
et al., 2007). Meanwhile, the Con-anc’ and Con-anc’-N28K genes were con-
structed as follows. Preparation of the Con-anc’ DNA was performed by
Operon Biotechnologies Inc. (U.S.A.). This Con-anc’ DNA sequence was opti-
mized for codon usage and had unique restriction enzyme sites, BspHI in the
N terminus and PstI in the C terminus, respectively. This DNA was ligated into
the pTV-118N vector at the NcoI and PstI sites after digestion with BspHI and
PstI, thereby resulting in pTV-Con-anc’. The genes of Con-anc’-N28K was
constructed by inverted polymerase chain reaction (PCR) amplification. The
pTV-Con-anc’ was used as a template, and oligonucleotide primers contain-
ing unique restriction enzyme and mutation sites were used for PCR with Pri-
meSTAR HS DNA polymerase (TaKaRa Bio Inc., Japan) containing 2 ng of
template DNA, 200 mM of each dNTP, and 0.3 mM of each primer. The nucle-
otide sequences of Con-anc’, Con-anc’-N28K were confirmed by DNA
sequencing.
Each plasmid was transformed into competent Escherichia coli JM109, and
gene was expressed. Each expressed protein was purified by affinity chroma-
tography on an HCl-treated Sepharose 4B column (GE Healthcare, UK), fol-
lowed by anion-exchange chromatography on a 5 ml HiTrap Q column (GE
Healthcare). The purity of each protein was confirmed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).s reserved
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The crystal structures of Con-anc’, Con-anc’-N28K, and Con-anc were deter-
mined by X-ray crystallography. The crystals were grown by the hanging-
drop vapor-diffusion method under the conditions shown in Table 1. The
diffraction data were collected by using synchrotron radiation sources at
BL38B1 of Spring-8 (Hyogo, Japan). Each crystal was soaked in the corre-
sponding reservoir solution containing 10%–20% (v/v) glycerol before flash
cooling and kept in a dry-N2 stream at 100 K during data collection. The
diffractions were recorded with a CCD detector (Rigaku/MSC Jupiter-210)
and processed using HKL2000 and SCALEPACK (Otwinowski and Minor,
1997). The crystal parameters and data collection statistics are shown in
Table 1.
The crystal structures were solved by the molecular replacement method
using the structure of ConI (for Con-anc) or ConII (for Con-anc’ and Con-
anc’-N28K) as a search model with MOLREP (CCP4, 1994). The structure
refinements were executed with COOT and REFMAC5 (Emsley et al., 2004;
Murshudov et al., 1997). The quality of the structures was checked using PRO-
CHECK (Laskowski, 2001). The refinement statistics are shown in Table 1. The
coordinates and structure factors were deposited with the PDB (codes are
shown in Table 1). Molecular graphics images were prepared with UCSF-
CHIMERA (Pettersen et al., 2004).
Biochemical and Cytological Assays
The thermostabilities of the proteins were assessed by measuring their
residual hemagglutination activities using 2% rabbit erythrocytes plated on
96-well microtiter plates after incubation at various temperatures ranging
from 38C to 62C for 30 min. The temperatures, at which half of the initial
activity was retained, were compared among the proteins (thermostability of
hemagglutination activity in Figure 5B and Table 2).
The urea denaturation of the proteins was assessed by measuring the fluo-
rescence spectra of proteins using a spectrofluorometer (FP-6500, JASCO
Co., Tokyo, Japan) with 5 mm 3 5 mm cuvettes. The samples were prepared
at final concentration of 5 mM in phosphate buffer saline (pH 7.4) with or without
urea (0–7 M). Fluorescence spectra were recorded as an average of triplicate
measurements using an excitation wavelength of 295 nm and emission wave-
length from 300 to 400 nm at 1 nm intervals (Figure S2A). This excitation wave-
length was chosen to allow the selective excitation of tryptophan residue. The
relative fluorescence intensities of each protein at 360 nm were plotted as
a function of urea concentration and compared within the range of 1–4 M
urea, because the decreases in fluorescence intensity were linear for all of
the proteins within this range (urea denaturation in Figure 5C, Table 2, and
Figure S2B).
The cytotoxic activities were assessed by using Jurkat cells as the target
(Sugamura et al., 1984). Jurkat cells were maintained in RPMI-1640 medium
supplemented with 10% fetal bovine serum (FBS) and 1% antibiotic-
antimycotic solution at 37C in 5% CO2 atmosphere (Takeshita et al., 1989),
and were grown in 96-well microtiter plates for the assay. Three-fold serial
dilutions of each protein were added to the confluent cells. After culturing for
24 hr at 37C in 5% CO2 atmosphere, the cell viability was evaluated by using
the cell proliferation reagent WST-1 (Dojindo, Japan). The activity was
measured as LD50 concentration of the proteins (cytotoxic activity in Figure 5A
and Table 2)
The carbohydrate-binding activities of congerins were analyzed by frontal
affinity chromatography (FAC) according to the reported method (Hirabayashi
et al., 2003). Each purified protein was immobilized onto HiTrapNHS-activated
column, and packed into a stainless column (4.0 3 10 mm). Ethylenediamine
tetraacetic acid (EDTA)-phosphate-buffered saline (1 mM EDTA, 20 mM Na
phosphate, and 150 mM NaCl [pH 7.2]) was used as the elution buffer. Each
pyridylaminated (PA)-carbohydrate (final concentration 10 nM) was applied
to the column through a 2 ml sample loop connected to an injector at a flow
rate of 0.25 ml/min at 25C, and the eluted PA-carbohydrate was monitored
by a fluorescence detector (Excimer: 320 nm, Emission: 400 nm). The 34 kinds
of PA-carbohydrates used for experiments are listed in Table S4. The Bt values
were determined using various concentrations of nonlabeled lacto-N-tetraose
in the presence of 10 nM PA-labeled lacto-N-tetraose. PA-rhamnose, which
did not show affinity to galectin, was used as the control to determine associ-
ation constants of the proteins (Ka carbohydrates in Figures 5D and 6A and
Table S4).Structure 19,Molecular Dynamics Simulation
Molecular dynamics (MD) simulations of congerins were performed for 4 ns
using the SANDER module of the AMBER 9 program suite (Case et al.,
2005). The AMBER03 force field and GLYCAM 04 parameter set were used
(Weiner et al., 1986). The system was solvated with TIP3P water molecules.
The system was first energy minimized with 1500 steps. The simulation was
then started at 5 K with the initial velocities adopted from theMaxwellian distri-
bution, followed by heating from 5 to 300 K over 50 ps. After minimization,
a 100 ps equilibration was performed at 300 K, which was followed by a
4 ns production run. Electrostatic interactions were calculated without
a distance cutoff by using the particle mesh Ewald method (Darden et al.,
1993). The SHAKE algorithm was applied to constrain the bond lengths with
hydrogen atoms (Ryckaert et al., 1977). The MD trajectories were analyzed
using the PTRAJ module.
Stabilities of monomer and dimmer of the proteins were evaluated as the
rmsd of the atoms from the average positions over the trajectories of produc-
tion run (stability of dimmer and stability of monomer in Figure 6A and Table 2).
Other Molecular Properties and Their Clustering
The numbers of hydrogen bonds were determined by using UCSF-CHIMERA
(Pettersen et al., 2004). The hydrogen bonds detected at the subunit interface
and between protein and lactose (No. dimer interface H-bond and No. lactose
H-bond in Figure 6A and Table 2) are listed in Tables S2 and S3, respectively.
The areas of subunit and lactose interfaces were evaluated by using the
ASET application (Shirai et al., 2007), which was based on the Lee and
Richards method (Duan et al., 2003) (dimer interface and lactose interface
areas in Figure 6A and Table 2).
The deviations of the protein structures are represented by the rmsd of Ca
atoms of the structures superposed to Con-anc’ (rmsd of monomer and dimer
in Figure 6A and Table 2). The difference in overall structure was also evaluated
with the ratio of conservation of intramolecular hydrogen bonds as (number of
conserved hydrogen bonds with Con-anc’)/(number of hydrogen bonds in
Con-anc’ structure) (H-bond conservation in Figure 6A and Table 2).
The Spearman correlations between molecular properties, including the
evolutionary distance from Con-anc’ or ConI, were estimated, and the proper-
ties were clustered according to the absolute values of the correlation
(Figure 6A). The average of absolute coefficients over 34 kinds of carbohy-
drates was used for the values of Ka carbohydrates. The same correlation
coefficient was also used for the clustering of carbohydrates based on the
ranking of association constants toward congerins (Figure 5D).
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